Abstract
Background: Exposures during early life are increasingly being recognised as factors that play an important role in the aetiology of chronic non-communicable diseases (NCDs). The "Developmental Origins of Health and Disease" (DOHaD) hypothesis asserts that adverse early-life exposures -most notably unbalanced nutrition -leads to an increased risk for a range of NCDs and that disease risk is highest when there is a "mismatch" between the early-and later-life environments. Thus, the DOHaD hypothesis would predict highest risk in settings undergoing a rapid nutrition transition. Summary: We investigated the link between early-life nutritional exposures and long-term health in rural Gambia, West Africa. Using demographic data dating back to the 1940s, the follow-up of randomised controlled trials of nutritional supplementation in pregnancy, and the "experiment of nature" that seasonality in this region provides, we investigated the DOHaD hypothesis in a population with high rates of maternal and infant under-nutrition, a high burden from infectious disease, and an emerging risk of NCDs. Key Messages: Our work in rural Gambia suggests that in popula-Over the past 2 decades, we have been investigating the relationship between nutrition in early-life and long-term health risk among a population of rural Gambians. Here, I summarise the work completed to date. Since the late 1940s, the UK Medical Research Council (MRC) has been conducting a health and nutrition research programme among the rural West Kiang population of The Gambia [4] . As part of this programme, demographic records have been collected on the residents of three villages (Keneba, Kantong Kunda and Manduar), providing the longest documented continuous surveillance of a rural African population. Coupled with this long-term record keeping, this population is exposed to an "experiment of nature" as a consequence of the pronounced seasonality, affecting many aspects of diet, health and behaviour. November to June is a long, hot and dry season characterised by low levels of active infection, and good growth is observed in infants and young children and a positive energy balance seen in adults. From July to October, the annual rains result in high levels of infection, growth faltering in children, and a negative energy balance is observed among adults. Pregnant women are not exempt from the effects of this annual "hungry" season, and a seasonal increase in SGA and preterm infants is observed [5] . We have used these demographic records and the well-documented effects of seasonality to investigate the effects of the earlylife nutritional environment on long-term health.
Initial work used the season of birth as a proxy measure for early-life nutritional exposures. We hypothesised that individuals born during the annual hungry season would have a greater risk of adverse cardio-metabolic outcomes as adults. However, in a study of 219 rural Gambian adults, we were unable to show any association between either the season of birth or the nutritional status in infancy, and adult risk of cardiovascular disease [6] . However, this lack of an effect was possibly a consequence of the excellent metabolic health profile observed among these rural Gambians, rather than a sign that metabolic programming does not operate in this population. In parallel to this work, we also asked the question if season of birth would predict adult mortality, and the observed results were most surprising. Using a survival analysis of 3,162 individuals (2,059 alive/1,103 dead), analysed according to season of birth, we showed that individuals born during the annual hungry season had a 10-times increased risk of premature adult mortality (death before >25 years of age) [7, 8] ( Fig. 1 ). The cause of death was ascertained in 77% of the group, and demonstrated that these deaths were from infections, or infection-related causes, and not from chronic degenerative diseases. This observation led us to hypothesise that among populations with high rates of under-nutrition in early life and a high burden of infectious disease, the immune system is programmed during early life, resulting in a greater susceptibility to infection-related morbidity and mortality.
Work that followed focused on the thymus as a potential target for early-life nutritional programming. The rationale for this was threefold: first, the thymus is central for the early development of adaptive immunity, with thymic development known to start early in the first trimester of pregnancy; second, thymic development is disproportionately affected by both maternal and infant under-nutrition, a fact leading to the thymus being termed a "barometer of malnutrition" long before any role for the thymus gland in immunological memory was known [9] ; and, third, post-natal development of the thymus can be assessed sonographically using a non-invasive validated method to estimate the thymic index (TI) [10] .
While little data exist to support TI as a robust measure of immunocompetence, TI has been shown to correlate with thymus weight at autopsy [10] , has been correlated with mode of feeding in early infancy [11] , and has been used previously in both The Gambia and Bangladesh to show that the human thymus is sensitive to environmental influences during infancy [12, 13] . Further, in populations with a high burden of infectious disease, a small thymus in infancy is an independent risk factor for subsequent mortality in childhood [14] [15] [16] . However, the role of early-life nutrition on thymic development remains to be determined.
To further our understanding, we established a prospective birth cohort of 138 Gambian infants, with TI 181 assessed sonographically across the first year of life [12] . We demonstrated that TI varies significantly with season of birth and subsequently (and more strongly) with season of measurement [12] ( Fig. 2 ) . Characteristic tracking of an individual's TI (even after adjustment for body size) was observed, consistent with a possible role for the thymus in long-term programming. A seasonal influence was also observed in lymphocyte subpopulation counts from the same cohort [17] , indicating a corresponding disruption to T-cell numbers and consistent with the hypothesis that permanently programmed defects in thymic function may affect adult cell-mediated immunity.
Of particular interest was the observation that the seasonal effect on TI was greatest when the infant was 8 weeks of age. Since, in this community, infants at this age are exclusively breast fed, are growing well and have minimal incidence of active infections, this observation could suggest the involvement of breast milk factors on thymic development. Using breast milk samples collected at the same time that TI was measured, Ngom et al. [18] tested for the presence of a candidate breast milk immune factor interleukin (IL)-7; a cytokine critical for thymic and T-cell development. Despite considerable monthly variation, breast milk IL-7 concentrations were significantly lower in the hungry/wet season compared with the harvest/dry season, suggesting a putative role for breast milk factors in thymic development [18] . However, the observational nature of this birth cohort study limited our ability to show causality, so work that followed focused on randomised trials.
In the first study, we followed up a group of 472 children aged between 6 and 9 years who were born during a trial of maternal nutritional supplementation [19] . In the original trial, pregnant women in the intervention group and in the control group were randomised to a high protein-energy (PE) biscuit supplement (providing a maximum daily intake of 4,250 kJ energy and 22 g protein) from 20 weeks of gestation until delivery and from delivery until 20-weeks post-partum respectively [20] . At follow-up, the outcome variables tested in the children were naïve responses to rabies and pneumococcus vaccine, delayed-type hypersensitivity skin reactions, and mucosal defence (secretory immunoglobulin A and dual-sugar permeability). Despite this comprehensive battery of assessment tests, we found no consistent evidence for linkage between immune function and either season of birth, size at birth or maternal prenatal dietary supplementation [19] , suggesting that these exposures in early life did not predict a measurable defect in immune response in children at this age.
More recent work has focused on a proof-of principle intervention trial employing comprehensive multiple micronutrient (MMN) and PE supplements [21] . The Early Nutrition and Immune Development (ENID) trial (ISRCTN49285450) is a randomised, partially blind trial to assess whether nutritional supplementation to pregnant women (from <20 weeks gestation to term) and their infants (from 6 to 12 months of age) can enhance infant immune development). Pregnant women were randomised to 4 intervention groups (iron-folate, MMNs, PE, PE + MMN), and from 6 months of age, infants are further randomised to a lipid-based nutritional supplement with or without additional MMNs. The primary outcome measures of the ENID Trial are thymic development during infancy, and antibody response to vaccination. At the time of writing, analysis of antibody response to vaccination was ongoing, and will be reported later. However, while supplementation in pregnancy did not have any measurable effect on thymic development, supplementation with MMNs from 6 to 12 months of infant age resulted in a modest (8%, p = 0.002) increase in TI at 12 months of age (SE Moore, unpublished observations). In summary, our work to date in The Gambia has demonstrated that (a) seasonal/nutritional effects on immune outcomes can be readily detected in the first year of life in Gambian infants [12] ; a finding also subsequently replicated among a larger contemporary cohort of Bangladeshi infants [13] , appear undetectable in later childhood [19] , but again detectable in later life [22, 23] ; (b) the detectable defects (thymic contraction, deviations in markers of thymic function [12, 17, 18] ) all appear to be related to adaptive immunity. However, while our initial observational work suggested evidence of pre-natal influences given that differences in size adjusted TI are detectable at 1 and 7 days postpartum [12, 13] , results from our more recent randomised trial do not support a pre-natal nutritional influence on thymic development but do provide evidence that supplementary micronutrients in infancy may confer benefit to thymic development. The functional consequences for infant immune responses are currently being investigated.
